Theoretical understanding of interactions between localized and mobile electrons and the crystal environment in light lanthanides is important because of their key role in much needed magnetic anisotropy in permanent magnet materials that have a great impact in automobile and wind turbine applications. We report electronic, magnetic, and magnetocrystalline properties of these basic light lanthanide elements studied from advanced density functional theory (DFT) calculations. We find that the inclusion of onsite 4f electron correlation and spin orbit coupling within the full-potential band structure is needed to understand the unique magnetocrystalline properties of these light lanthanides. The onsite electron correlation, spin orbit coupling, and full potential for the asphericity of charge densities must be taken into account for the proper treatment of 4f states. We find the variation of total energy as a function of lattice constants that indicate multiple structural phases in Ce contrasting to a single stable structure obtained in other light lanthanides. The 4f orbital magnetic moments are partially quenched as a result of crystalline electric field splitting that leads to magnetocrystalline anisotropy. The charge density plots have similar asphericity and environment in Pr and Nd indicating similar magnetic anisotropy. However, Ce and Sm show completely different asphericity and environment as both orbital moments are significantly quenched. In addition, the Fermi surface structures exemplified in Nd indicate structural stability and unravel a cause of anisotropy. The calculated magnetocrystalline anisotropy energy (MAE) reveals competing c-axis and in-plane anisotropies, and also predicts possibilities of unusual structural deformations in light lanthanides. The uniaxial magnetic anisotropy is obtained in the double hexagonal closed pack structures of the most of the light lanthanides, however, the anisotropy is reduced or turned to planar in the low symmetry structures. Through crystal field calculations we also illustrate the crystal field ground state 4f multiplets of light lanthanides. 
INTRODUCTION
The theoretical understanding of interactions between localized and mobile electrons and crystal environment is important because of their key role in impacting light lanthanides for technological applications such as permanent magnets. 1 Each of the light lanthanides which differ mostly by number of 4f electrons have uniquely different magnetic interactions leading to different magnetic and structural properties. and antiferromagnetic double hexagonal close packed (β). At very high temperature, a nonmagnetic base centered cubic (δ) and at very high pressure a stable nonmagnetic Ccentered orthorhombic (α') and a metastable monoclinic body centered (α'') are observed. Furthermore, at both very high pressure and high temperature one more nonmagnetic phase known as body centered tetragonal (ε) has been observed. 6 Interestingly, an angular dependency has also been observed in Ce metal. 7 Because of the non-spin-polarized conduction electronic states, Pr metal becomes paramagnetic at any temperature above 1 K in zero field. 8, 9 As observed from electrical resistivity experiments, the interaction between magnetic ions via conduction electrons is not typical for 4f electron systems. 9, 10 In addition to the standard double hexagonal close packed (dhcp) structure, Nd metal gives a 4f-bonded crystal structure similar to the α-U found at megabar pressures. 11 The compounds containing Pm atoms are very radioactive and the preparation of magnetic Pm metal has resulted in impure form. 12 Sm metal is a ferromagnet, and doping Nd in Sm metal decreases magnetization; Gd increases it. 13 Here we focus on the electronic structure including magnetocrystalline anisotropy to understand the interplay between magnetism and structural deformation in light lanthanides.
Light lanthanides mostly crystallize in dhcp structure with space-group symmetry of P6 3 /mmc . The α, β, and γ are the most important phases observed in Ce when it undergoes a volume collapse. 14, 15, 16, 17, 18, 19, 20, 21, 22 On cooling, the γ phase transforms to the α phase without structural change while the β phase forms within dhcp structure. 14, 18, 22, 23 The other lanthanides are currently not known to undergo the isostructural phase change. Sm metal has rhombohedral ground state with a partially quenched orbital magnetic moment. These moments are also quenched in some of its compounds such as SmFe 11 Ti. 24, 25 The orbital moment quenching has also been predicted in dhcp Ce, Pr, Nd, and Pm from theoretical calculations indicating a slight breakdown of Hund's orbital moment rule. 15, 18, 25, 26, 27 The equilibrium volume or lattice constants of light lanthanides have been found from both theory and experiment 28 and are consistent with the collapsed phases due to some degree of bonded 4f electrons. 29 Although the magnetic properties including magnetic moments of all five dhcp elements (Ce, Pr, Nd, Pm, and Sm) are known, the magnetocrystalline anisotropy energy (MAE) of these systems have not been studied.
There is no report of theoretical calculations available for the g factors of Ce metal, which determine the screening of conduction electrons in the crystalline field that relates to magnetic anisotropy. The large MAE in lanthanides mostly comes from the 4f-shell due to the interplay between the crystal field and spin-orbit interaction. 30 The direction dependent magnetic moments and the effect of 4f and 5d electrons on the crystal lattice structure, magnetism, and interplay between crystal field and spin orbit coupling have not been previously investigated in light lanthanides. Therefore, in this study we focus on the direction dependent magnetism and interactions within observed crystal structures.
APPROACH
We have employed local spin density approximation including onsite electron correlation and spin orbit coupling (LSDA+U+SOC) within the framework of tight-binding linear muffin-tin orbital (TB-LMTO) 31 and full potential linearized augmented plane wave (FP-LAPW) 32 methods to calculate electronic, magnetic and magnetocrystalline anisotropy properties, and magnetic exchange interactions of light rare-earth metals and their alloys.
We also performed density functional theory (DFT+U+SOC) employing generalized gradient approximation (GGA) 33 , which has shown orbital moment quenching in Ce. 34 The k-space integrations have been performed with at least 16×16×16 Brillouin zone mesh which was sufficient for the convergence of total energies (10 -6 Ryd.), charges, and magnetic moments. In the Fermi surfaces, we increased this mesh to 33×33×8 to obtain good quality structures. Above 10 unit cells are responsible for unravelling the anisotropy of the fermi surface structures. 35 For LSDA (GGA)+U+SOC calculations within FP-LAPW, the cutoff parameters RK max and G max are 9 and 16, respectively. We set the cutoff between core and valence states to be -6.0 Ryd. In order to test the influence of onsite electron correlation in light lanthanides, we show here the variation of total energy (Fig. 1a for Ce, and 1c for Pr) and magnetic moment ( Fig. 1b for Ce). The influence is stronger below ~4 eV. The effect appears to diminish as total energy and magnetic moments become nearly constant at U of ~6 eV and above, in agreement with the results of prior work. 36 ,37 Pr appears to be an exception in which there is still significant change of energy beyond 8 eV, however, the use of U in the 6 eV to 8 eV range should produce reasonably consistent results. Following this analysis, we performed all calculations reported in results and discussion section with U = 6.7 eV and J = 0.7 eV, which are observed values for Gd metal. 38 We tested both APW and LAPW methods within the FP-LAPW and found that the APW actually helps for faster convergence because we are dealing with mostly the localized 4f systems. 39 In one particular case of α Ce, however, the LAPW method gives better moments because the system is apparently non-localized. In some cases the convergence was achieved by changing the broadening scheme. As needed the l max was set to 12 and the RK max was decreased or increased, depending on systems under consideration.
ELECTRONIC, MAGNETIC, AND MAGNETOCRYSTALLINE…
We calculated MAE as the total energy difference with magnetic moment aligned (Fig. 2a ). These three minima may qualitatively represent three phases (α, β, and γ) observed in Ce. 41 The lattice parameter a of these metals remains constant, but a decrease in the c parameter is found with an increase of atomic number (from c = 11.6 Å for Ce and c = 11.2 Å for Nd). This decrease is indicative of lanthanide contraction, the effect by which lanthanides of increasing atomic number see a decrease in atomic radius, due to 4f electrons poorly shielding the 6s electrons from the nuclear charge. The γ-Ce results in a spin-down 5d peak at the Fermi level (Fig. 4d) and its dominance over spin-up 5d states implies instability of this structure relative to other phases. This effect is much smaller for α-Ce (Fig. 4e) providing better stability, 15, 16 however, the AFM plays a role to make β-Ce as a stable phase. However, there is substantial exchange splitting in the FM Nd (Fig. 5d) . 9 This figure also shows spin down 5d DOS peak at the Fermi level implying instability of dhcp Nd Figure 6 shows the 4f and 5d DOS for CePr, NdCe, and NdPr alloys calculated within dhcp structure. First, we examined the site preference through total energy calculations ( Table 1 ). In CePr and CeNd alloys, Ce atoms prefer to occupy the (⅓, ⅔, ¼) position while for PrNd alloys, Nd prefers the (⅓, ⅔, ¼) position. This site preference analysis indicates that the site occupancy does not depend upon the atomic number. The occupied 4f states of alloyed elements are completely separate and distinct (Fig. 6a, 6b, 6c ).
RESULTS AND DISCUSSION
However, as seen in figures 6d, 6e, and 6f, there is complete mixing between the 5d states of the alloyed elements, thereby, having different 5d exchange splitting. This result is consistent with an earlier study using the linear augmented-Slater-type-orbital method. 45 The spin-up and spin-down DOS are equal at the Fermi level for CePr and NdPr indicating chemical stability within dhcp structure. However, the magnetic state and crystal structure of NdCe may be unstable due to the spin-down peak at its Fermi energy.
Here we should not be confused with the integrated DOS up to the Fermi level and an imbalance in the spin up and spin down integrated DOS gives rise to magnetic moments, which is true for all three alloys considered here. The magnetic moment in the lanthanides metals and their alloys is mostly contributed by 4f electrons. 46 Due to the indirect 4f-4f exchange interactions, the mediating conduction electrons (5d) become spin-polarized and give rise to small but non-negligible 5d moments. Each 4f electron contributes 1 µ B spin magnetic moment, with one 4f electron in Ce, two in Pr, and three in Nd. In the FM systems, the moments are arranged in a parallel alignment, and the moments simply add together; in the AFM systems, these moments are antiparallel and cancel each other. 47 The AFM lanthanides alloys have two atoms with different numbers of 4f electrons leading to a non-zero net moment.
ELECTRONIC, MAGNETIC, AND MAGNETOCRYSTALLINE…
Interchanging the positions of atoms has little effect on the magnetic moments of these lanthanides alloys.
ELECTRONIC, MAGNETIC, AND MAGNETOCRYSTALLINE… The MAE of Pm came out to be uniaxial, however, there is no experimental information on it because of radioactivity resulting in instability within dhcp and other structures. It is known that the dhcp structure of Sm transforms to the rhombohedral structure of R3 . In light lanthanides, the electronic structures comprise complicated Fermi surface structures 54 for each metal. The Nd metal Fermi surface structures in Fig. 11 indicate stability in dhcp Nd, and have been theorized from an earlier study. 55 In each figure, the white color represents an electron hole created while the colors violet to red represent increasing speed of electrons, which is related to the conductivity of the metal. 56 The yellow deformed cylinder in Fig. 11 is located along the k z direction and is one of the ELECTRONIC, MAGNETIC, AND MAGNETOCRYSTALLINE… main electron-like pockets, which can be explained by a negative Hall coefficient which creates the pocket. 57 This cylinder has been previously studied to found as the main structure occupying half of the [001] direction because of the cross-sectional area it occupies in the Brillounin zone. 58 The other complicated pockets in all light lanthanide structures extend to the corners of the Brillounin zone. The widened pockets can be explained by the overlap between bands 27 and 28, giving strong polarization and photon energy to be dependent in the pockets, similar to the conclusion found in Ba( respectively. Our present calculations show lower energy splitting in Sm metal at the ground state, which may be connected to the quenching in the orbital moment calculated above, whereas compared to the higher energy calculated in Pr metal.
SUMMARY
The application of density-functional theory to the light lanthanides has provided insight into their electronic structure and the interactions between electrons that give rise to magnetic properties. The interactions between electrons include two effects that give rise to the magnetic properties; lanthanide contraction and the decrease of the 4f electron cloud shielding. The total energy and magnetic moments were more sensitive to the lower values of U, but this effect was minimal with a higher value. Upon the examination of the relative energies of FM and AFM states of dhcp systems: β-Ce and Pr are more stable in AFM states. The energy minima of AFM β-Ce, AFM Pr, and FM Nd show lanthanide contraction in the lattice constant c. 60 The other two phases of Ce, i.e., α-Ce and γ-Ce show magnetic moment change as the volume was reduced. The DOS of these three phases of Ce gave relative delocalization in the occupied 4f states of α-Ce, and instability at low temperature in the γ phase due to a peak in the 5d spin-down states. A similar peak can be seen in the 5d spin-down states of FM Nd, implying instability despite the lower energy compared to AFM Nd. 
